Abstract: Along with strengthening of people's environmental protection awareness, the MQL technology has been used in grinding, but its limited cooling effect cannot satisfy the requirement of heat transfer enhancement in the grinding area. The new technology of nano-particle jet flow of MQL can effectively solve the heat transfer in the grinding zone and enhance the lubrication characteristics as well. This paper studies mainly the grinding process of the single grain under the condition of the nano-particle jet flow of MQL by establishing the kinematics model, elastic deformation model and plastic accumulation model of the single grain and simulating the value of the surface topography of the single-grain grinding workpiece with quenching 45# as the research subject. The results show that the grinding depth will exert a certain influence over the material deformation on the surface of the workpiece, the pile height and the length of the grinding crack. The yielding amount of the grain center δc and the elastic recovery amount of the materials on the surface of the workpiece δw increases with the grinding depth. The height of the material accumulation increases with the grinding depth. Furthermore, the change amplitude is large and the change gradient decreases correspondingly. The length of the grinding crack increases with the grinding depth, and the grinding depth and the height of the material accumulation have an approximate linear relationship.
INTRODUCTION
With the low material removal rate, grinding can be used to obtain high-precision and high-surface-quality work pieces and can thus be widely applied in mechanical processing [1, 2] . However, great heat is produced in the process of grinding which affects the surface quality of the work pieces, so the generally used cooling and lubrication method in the industrial production is the pouring grinding [3] [4] [5] . This cooling and lubrication form is very damaging to the environment and the health of the workers. To protect the environment and reduce the cost, dry grinding without the use of the lubricant has emerged accordingly. Yet, dry grinding can not take away the heat generated in the process of grinding, resulting in the deterioration of the surface quality of the work pieces and a great reduction in the service life of the grinding wheel [6, 7] .
Minimal quantity lubrication technology (MQL) means using the minimal lubricant on the premise of ensuring the lubrication performance and cooling effect. MQL grinding is to mix minimal lubricants with the high-pressure gas and then make them enter the high-temperature grinding area after the mix atomization of the high-pressure airflow [8] . The high-pressure airflow plays the role of cooling and chip removal. The lubricating oil adheres to the grinding surface of the work piece to form a layer of protective film for MQL [9] . However, studies show that the limited cooling effect of *Address correspondence to this author at the School of Mechanical Engineering, Qingdao Technological University, 266033 Qingdao, China; Tel: +86-532-85071757; Fax: +86-532-85071286; E-mail: sy_lichanghe@163.com the high-pressure airflow can not satisfy the need for the enhanced heat transfer in the high-pressure grinding zone. In addition, the machining quality of the work pieces and the service life of the grinding wheel are significantly lower than those with the traditional pouring grinding, indicating that the MQL technology needs further improvement [10] [11] [12] [13] .
According to the heat transfer enhancement theory, solids have greater heat transfer capacity than liquids and gases. On this basis, many domestic and foreign scholars [14] have proposed to add the solid nanoparticles into the minimal lubricating oil to improve the defects of the insufficient heat transfer of the minimal lubrication machining. This method is called the nano-particle jet flow of MQL. The relevant studies show that it is helpful for improving the tribological properties of the grinding wheel/workpiece interface, reducing the grinding force and specific grinding energy, improving the insufficient heat transfer and enhancing the lubrication performance of MQL grinding [15, 16] .
At present, there are two study methods of the surface topography generation process. One is the experimental method and the other is the modeling and simulation method. The former needs a large number of machining experiments. In addition, it just studies the surface topography of the finally generated workpiece but cannot reflect the material removal mechanism in the machining process. The latter models the machining process to fully analyze the influence of various parameters on the machining process, which reveals the removal mechanism and reduces the experiment time. Surface roughness is an important parameter to evaluate the surface topography of the workpiece. Through establishing the relationship between the grinding parameters and the surface roughness, it will have certain guidance functions to the optimization of the grinding parameters. The domestic and foreign scholars have conducted much theoretical and experimental research on the prediction of the surface topography generation and surface roughness of the workpieces [17] .
Prof. Gong Yadong [18] in Northeastern University uses the simulation technology to realize the simulation of the surface topography generation process of the ground grinding workpiece with C++ programming language and OpenGL graphical tool, and establishes the simulation platform of the surface topography generation. In this method, the surface of the grinding wheel is made of the spherical grinding grains, considering the impact of the grinding wheel parameters and the grinding parameters on the surface topography generation. Dr. Su Chong [19] realizes the simulation of the surface topography generation process with the same method and studies the relationship between different grinding parameters and the surface roughness of the workpieces. The difference is that the cube with different alignment directions is adopted for the adhesive grains on the surface of the grinding wheel in simulation [20] .
The Japanese scholar Sakakura [21] measures the section profile of 50 grains and takes them as the standard grain to randomly distribute them on the surface of the grinding wheel, thus realizing the digital simulation of the topography of the grinding wheel [20] . Under the premise of considering the elastic deformation of the grain, he completes the simulation of the surface topography generation process of the external cylindrical grinding workpieces with the grinding wheel and calculates the surface roughness value of the sampling area.
Salisbury et al. [22, 23] in Michigan Technological University sample the surface topography of the grinding wheel with the surface roughness tester and reconstruct the sampled topography to realize the digital simulation of the surface topography of the grinding wheel [24] . They complete the simulation of the surface topography generation process of the workpiece by the use of the topography of the reconstructed grinding wheel and the models related to grinding and evaluate the surface topography of the workpiece. However, the elastic deformation of the grain and the workpiece is not taken into account in the simulation, so it's difficult to simulate the real surface topography generation process of the workpiece.
The Indian scholar Suryarghya [25] adopts the grains in the shape of regular triangular pyramid to generate the surface topography of the grinding wheel according to the uniform distribution. All grains on the surface of the grinding wheel have the same angle and configuration direction [20] . According to the grinding kinematics, the method realizes the simulation of the surface topography generation of the workpiece, calculates the surface roughness value, and studies the influence law of the grinding parameters on the surface roughness as well as the relationship between the surface roughness and the maximum undeformed chip thickness [24, 26, 27] . The research shows that the maximum undeformed chip thickness increases linearly with the increase of the surface roughness value [28] .
The American scholar Xunkun Li [29, 30] studies the manufacturing process of the common grinding wheel. He realizes the simulation of the manufacturing process of the grinding wheel mixture, like the mixture of the grains and the binder, grinding wheel modeling, roasting and dressing to generate the surface topography of the common grinding wheel. He also completes the simulation of the surface topography generation process of the workpiece with the grinding wheel and analyzes the grinding force, grinding heat and surface topography [20] .
The Canadian scholar X. Zhou [31] makes the grid processing of the 3D grinding wheel in which the grains are located at each grid point to complete the simulation of the surface topography of the workpiece. According the grinding kinematical theory, he makes the grinding simulation with the grinding wheel, realizes the surface topography generation process of the workpiece with the search method and verifies the surface roughness of the workpiece generated by the simulation with the experiment [24] . The results show that the surface roughness value output by the simulation is less than the experimental value. It's important to note that due to the random simulation of the surface of the grinding wheel, this method is difficult to simulate the grains randomly distributed on the surface of the common grinding wheel [20, 28] .
Prof. Tonshoff in the University of Hanover compares the grinding process to the witchcraft in the CIRP report [32] . The grinding system converts the input parameters and the system parameters into various static and dynamic output variables, during which the complex changes will happen. It will be difficult to study the grinding process from the whole system. At the same time, the grains on the surface of the grinding wheel are randomly distributed, which further increases the difficulty of the research [28] . Therefore, the current studies related to the grinding process usually take the single grain as the research subject and then transit to the whole grinding wheel. In view of this, this paper will study the grinding process of the single grain, in order to lay a foundation of the future research.
ESTABLISHMENT OF THE COORDINATE SYSTEM ON THE SURFACE OF THE WORKPIECE
This paper mainly studies the surface topography of the ground grinding workpiece. To facilitate the establishment of the relevant mathematical model, the coordinate system for the surface of the workpiece is established with the lowest point of contact between the grain and the workpiece as the origin of coordinate, in which the x axis and the y axis are the longitudinal direction of feed and the transverse direction of feed of the worktable, respectively, and the z axis is the radial direction of feed of the grinding wheel, as shown in Fig. (1) .
THE KINEMATICS MODEL OF THE SINGLE GRAIN
Due to the complexity of the grinding process, the simplification of the grinding process is particularly important in the grinding kinematics simulation. Based on the above reasons, the following hypotheses are made [33] : (1) Ignore the vibration of the grinding wheel;
(2) When the grain and the surface materials of the workpiece interfere with each other, the materials contacting with the grain are completely removed; (3) Do not consider the lateral flow and built-up in the process of material removal.
Fig. (1).
The coordinate system for the surface of the grinding workpiece.
In the coordinate system XOZ, the rectangular coordinate system is established with the lowest point of contact between the grain and the workpiece O, as shown in Fig. (2) . The trajectory equation of Grain G can be written as [34] :
where v w is the feed speed of the workpiece; r s is the radius of the grinding wheel;
t is the grind time;
θ is the corner of the grinding wheel. Since θ is very small, sinθ≈θ and θ 2 =2(1-cosθ).
The peripheral velocity of the grinding wheel v s can be expressed as [12] :
where ω is the angular velocity of the grinding wheel.
The corner of the grinding wheel θ can be expressed as:
The grinding time t can be deduced by combining Eq. (3) and (4) and eliminating ω:
Substitute Eq. (5) into Eq. (1) to obtain:
Substitute θ 2 =2(1-cosθ) into Eq. (2) to get:
The trajectory equation of Grain G is expressed as Eq. (8) by combining Eq. (6) and (7) and eliminating θ.
It can be further written as:
where d s is the diameter of the grinding wheel.
INTERACTION BETWEEN THE GRAIN AND THE WORKPIECE Elastic Deformation Model
The stress status on the single grain normal can be regarded to be the same as that when measuring the Brinell hardness. The deformation process is limited in an elasticplastic deformation boundary. When the sphere moves horizontally, the plastic deformation zone on the surface of the sphere begins to tilt [20] . The workpiece materials accumulate forward and tear to form chips from the surface of the workpiece, as shown in Fig. (3) . According to the stress analysis of the single grain before movement in Fig. (3a) , the positive stress R of the single grain can be obtained by the Brinell hardness test method:
where C' refers to the ratio of the average pressure of the contact zone to the axial stress, being 3 generally.
b refers to the sectional radius of the indentation, which is equal to one half of the grinding width of the grain.
H refers to the Brinell hardness of the workpiece material.
According to the stress analysis of the single grain after movement in Fig. (3b) , the tangential and normal grinding forces of the single grain can be expressed as [35] :
where f refers to the coefficient of friction between the grain and the workpiece, which is related to the lubricating effect between the grinding wheels. The coefficient of friction of the nano-particle jet flow of MQL is generally between 0.4 and 0.55; ϕ refers to the corner of the grain.
Corner ϕ can be expressed as:
where a p is the grinding depth of the grain;
D is the diameter of the grain.
In the grinding process, as the grain is elastically supported by the binder, the center of the grain rises under the action of the grinding force, making the actual interfered curve between the grinding wheel and the workpiece higher than the theoretical one. In addition, the surface of the workpiece after grinding will have elastic recovery, leading to the finally formed surface generation curve higher than the actual interfered curve between the grinding wheel and the workpiece, as shown in Fig. (4) [12] .
The actual generation curve should add the yielding amount δ c of the grain center and the elastic recovery amount δ w based on the theoretical trajectory. The following equation can be obtained after the discretization of the workpiece surface (2D):
where Z i is the actual coordinate value of the workpiece surface at the i th point after the grain cuts the workpiece; z i is the theoretical coordinate value of the workpiece surface at the i th point after the grain cuts the workpiece; Fig. (3) . The stress analysis model of the single grain, (a) before movement; (b) after movement. Fig. (4) . The action curve between the grain and the workpiece. The yielding amount of the grain center δ c and the elastic recovery amount of the workpiece δ w are:
where C is a constant ranging from 0.08 to 0.25, being 0.15 on average;
k is the rigidity coefficient of the workpiece.
After calculation, the yielding amount of the grain center δ c is much less than the elastic recovery amount of the workpiece δ w . The latter plays a leading role.
Plastic Accumulation Model
Only the undeformed workpiece materials are removed by the grains in the grinding process and the rest are piled up on both sides of the grains after the elastic deformation. Thus, a cutting efficiency β can be introduced to quantify the accumulation degree of the material. It's defined as the ratio of the volume of the removed undeformed materials to the total grinding volume of the grains [20] . The diagram of the plastic accumulation model is shown in Fig. (5) . The area of the materials having the elastic deformation and being piled up on both sides of the grains A p is
where A refers the volume of the removed material.
Within the workpiece surface coordinate system YOZ, the rectangular coordinate system is established with the lowest point of contact between the grains and the workpiece as the origin of coordinate O. The outlines equation of the hemisphere is:
where D is the diameter of the grain.
Setting the grinding width of the grain to be 2b, b is
The shape of the materials piling up on both sides of the grains can be approximately regarded as a parabola. The local coordinate system is established with the intersection point of the parabola axis and the workpiece surface as the origin. At the same time, the materials of the workpiece are set to pile up on both sides along with the direction of Angle α . The depth of section of the materials piling up on the surface of the workpiece is h and the width is 2a. The equation of the parabola in the local coordinate system is:
The outlines equation in the global coordinate system is:
The area of the removed materials A is:
The area of the piled materials A p is:
As the workpiece materials pile up on both sides along with the direction Angle α , in the local coordinate system, the tangent slope k at the left intersection point of the parabola and the y1 axis should be:
Thus, the values of a and h can be deduced as:
where tanα = a p /b.
THE SURFACE TOPOGRAPHY MATRIX OF THE WORKPIECE
The height of any point on the surface of the workpiece is set to be z mn , so the surface topography matrix of the workpiece is:
where m and n refer to the number of the discrete points along with the width direction and the length direction of the workpiece, respectively.
SIMULATION OF THE GRINDING PROCESS OF THE SINGLE GRAIN
According to the kinematics model, geometric model, elastic deformation model and plastic accumulation model of the single grain established above, the ground grinding process of the single grain is programmed with the MATLAB programming language to realize the simulation analysis of the process through the numerical calculation of the computer.
Simulation Parameter
The simulation parameters adopted in the simulation of the grinding process of the single grain include the parameters of the grinding wheel, workpiece and grinding, as shown in Tables 1-3 , respectively. 
Simulation Program Flow
Fig. (6) shows the simulation program flow chart of the grinding process of the single grain. The specific simulation flow is: input the grinding simulation parameters of the single grain and initialize the simulation process first; then, solve the motion trajectory of the single grain in the 3D space according to the kinematics model and calculate the coordinate matrix for the workpiece surface after grinding by the grain; calculate the coordinate matrix for the workpiece surface after the elastic and plastic deformation according to the elastic deformation model and the plastic accumulation model, and finally output the simulation results. Fig. (7) presents the surface topography of the workpiece after grinding by the single grain output when the peripheral velocity of the grinding wheel is 30 m/s, the feed speed of the workpiece is 0.05 m/s and the grinding depth is 20 µm. It can be seen from the figure that a parabolic abrasive mark at about 2.4 mm long is generated on the surface of the workpiece after grinding by the single grain. The obvious material piling phenomenon is produced on both sides of the abrasive mark. The maximum material piling height of the workpiece output by the simulation is 4.82 mm. With the motion of the grain on the surface of the workpiece, the piling height reduces accordingly until to 0; with the above grinding parameters, the theoretical grinding depth is 20 µm while the actual maximum grinding depth output by simulation is 19.12 µm, a decrease of 0.88 µm, indicating that the elastic-plastic deformation on the surface of the workpiece will have great influence on the surface topography. Fig. (7) . The surface topography of the workpiece after grinding by the single grain.
Simulation Result Analysis
Solve the motion trajectory of the single grain in the 3D space
Start
Calculate the coordinate matrix for the workpiece surface after grinding by the grain Calculate the coordinate matrix for the workpiece surface after the elastic and plastic deformation
Output the simulation results
Finish
Initialize the simulation paremeters
It can be seen from the mathematical model that the grinding depth has a great influence on the total deformation amount δ and piling height h of the surface material of the workpiece and the length of the grinding crack l. In order to study the influence of the grinding depth on the above variables, this paper makes the corresponding simulation research. Fig. (8) shows the relationship curve between different grinding depths and the deformation amount of the materials on the surface of the workpiece. It can be seen that when the grinding depth rises from 5 µm to 40 µm, the yielding amount of the grain center changes from 0.16 µm to 0.59 µm. The changing amplitude is small and the gradient reduces. The elastic recovery amount of the workpiece δ w changes from 0.41 µm to 2.67 µm. The changing amplitude is large and the gradient reduces. The total deformation amount changes from 0.58 µm to 3.26 µm. It's because that with the increasing grinding depth, the positive pressure of the single grain rises, and the normal grinding force also increases accordingly, so do the yielding amount of the grain center and the elastic recovery amount of the workpiece. Fig. (8) . The relationship between different grinding depths and the deformation amount of the materials on the surface of the workpiece. Fig. (9) shows the relationship curve between different grinding depth and the grinding crack. It can be seen that when the grinding depth changes from 5 µm to 40 µm, the length of the grinding crack l increases from 1.23 µm to 3.47 µm. The changing amplitude is large and the gradient decreases accordingly. It's because that the increasing grinding depth makes the undeformed cutting thickness of the single grain increase, which further causes the length of the grinding crack rise. At the same time, the grinding depth and the undeformed cutting thickness show an exponential relationship, so the changing gradient decreases. It can be seen that when the grinding depth changes from 5 µm to 40 µm, the length of the grinding crack l increases from 1.11 µm to 9.39 µm. The grinding depth and the material accumulation height have a linear relationship appropriately. It's because that the increasing grinding depth makes the volume of materials removed by the single grain enlarge and the volume of materials piled up on both sides of the grinding crack enlarges, too. Then, the height of accumulation rises accordingly. (1)
The obvious material accumulation phenomenon produces on both sides of the grinding crack after grinding by the single grain. At the same time, the elastic-plastic deformation happens to the materials on the surface of the workpiece at the grinding point. The deformation can not be ignored when studying the surface topography of the workpiece. 
